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Duration-controlled amplified spontaneous emission with an intensity of 1013 W /cm2 is used to convert a
7.5-�m-thick polyimide foil into a near-critical plasma, in which the p-polarized, 45-fs, 1019-W /cm2 laser
pulse generates 3.8-MeV protons, emitted at some angle between the target normal and the laser propagation
direction of 45°. Particle-in-cell simulations reveal that the efficient proton acceleration is due to the generation
of a quasistatic magnetic field on the target rear side with magnetic pressure inducing and sustaining a charge
separation electrostatic field.
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I. INTRODUCTION

Advances in the technology of ultraintense lasers are pro-
pelling studies of the laser-driven ion acceleration �1�. When
a laser pulse with intensity well exceeding 1018 W /cm2 irra-
diates a foil target, the laser-field-driven force accelerates
electrons at the target surface up to relativistic velocity. A
portion of the accelerated electrons passes through the target
toward the rear side, resulting in generation of an electro-
static field, which accelerates ions at the target rear surface.
The laser-target interaction can be complicated by the pres-
ence of an amplified spontaneous emission �ASE� pedestal at
a leading edge of the high-intensity laser pulse. A nanosec-
ond ASE pedestal with intensity of the order of 1012 W /cm2

can heat the target causing its expansion and preplama for-
mation. As shown in experiments �2�, the formation of a
plasma corona at a rear side of a relatively thick target can
hamper ion acceleration. As shown in Ref. �3�, in the frame-
work of the target normal sheath acceleration �TNSA�
mechanism �4�, based on an ambipolar plasma expansion
into vacuum �5�, even a slight breakout of the rear surface
may drastically decrease the ion energy. In addition, the ASE
pedestal can generate a shock wave which propagates
through the target, deforming its rear side, thus changing the
spatial distribution of the ion-accelerating electric field
�6–8�. For the acceleration regimes, discussed in the above-
mentioned references, a “clean” laser pulse without ASE is
desired for achieving higher-energy ions. Recently, plasma
mirrors were demonstrated to efficiently suppress ASE, mak-
ing it 1010–1012 times lower in intensity than the main pulse
�see �9��. This made possible proton generation with targets
of nanometer thickness �10�. On the other hand, Matsukado
et al. �11� observed protons accelerated from a thin-foil tar-
get, the laser-irradiated region of which was evaporated by
the ASE pedestal with the formation of a near-critical density

plasma profile �12�. Willingale et al. �13� demonstrated an
efficient laser-driven ion acceleration with a gas-jet target.

In this paper, we use a nanosecond ASE pedestal as a tool
for controlling the target parameters seen by the main �fem-
tosecond� laser pulse. The ASE pedestal causes expansion of
a thin-foil target, thus reducing the target density to the order
of the plasma critical density. A high-intensity femtosecond
laser pulse can penetrate this modified target, accelerating
electrons. Their current, together with the return current of
bulk electrons, form a long-living quasistatic magnetic field,
which induces and sustains a charge separation electrostatic
field at the rear side, providing the ion acceleration �11,14�.
Changing the ASE duration, we modify the target by arrang-
ing an optimal absorption of the laser pulse energy, maximiz-
ing the ion energy �14,15�. The plasma density profile is
measured using the interferometry and investigated with
two-dimensional �2D� hydrodynamic �HD� simulations. The
proton-energy spectra are observed using the online time-of-
flight �TOF� spectrometers for a wide range of ASE dura-
tions. The features of the proton acceleration �maximum en-
ergy and emission direction� are explained with the help of
2D particle-in-cell �PIC� simulations.

II. EXPERIMENTAL SETUP

The experiment was performed with the Ti:sapphire laser
system at CRIEPI �16,17�. The experimental setup is shown
in Fig. 1. A p-polarized laser pulse with central wavelength
of �=800 nm, duration of 45 fs, and energy of 0.8 J is fo-

*Present address: High Energy Accelerator Research Organization
�KEK�, Japan. FIG. 1. �Color online� Experimental setup.
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cused onto a 7.5-�m-thick polyimide ��C22H10O4N2�n� target
at an incidence angle of 45° by a f /3.5 off-axis parabolic
mirror. About 40% of the laser energy is contained in a 1 /e2

focal spot with 10 �m diameter, giving a peak intensity of
I=1.5�1019 W /cm2. The fluctuations of the laser energy are
within the 10% range, which is observed by a p-i-n photo-
diode detector which provides a trigger signal for the TOF
analysis, �18�. The measured main-pulse—to—ASE intensity
contrast ratio is 2.5�105 starting from 10 ps before the main
pulse. The duration of the ASE pedestal is controlled by
adjusting the Pockels cell in the range from 0.7 to 5 ns,
monitored for each laser shot by a p-i-n photodiode detection
system. The polyimide tape is continuously fed by a servo-
motor for each laser shot. The accuracy of positioning in the
direction of the target normal, �x�15 �m �19�, is much
smaller than the Rayleigh length �50 �m, in the same direc-
tion�, provided by the parabolic mirror. Fluctuations of the
target normal direction in the horizontal plane, not exceeding
±0.1°, are monitored during the experiment by the diode-
laser probe shown in Fig. 1. The plasma cloud produced by
the ASE pedestal is observed by the interferometer �20� us-
ing a probe beam with the wavelength of 400 nm. The
plasma image is taken at the time of 50 ps before the main-
pulse arrival.

Protons are measured by two online TOF spectrometers
placed behind the target at the angles of 0° �TOF-1� and of
22.5° �TOF-2� with respect to the direction of the target nor-
mal, Fig. 1. Each TOF spectrometer is equipped with a plas-
tic scintillator �PS�, as a detecion medium, and a photomul-
tiplier tube �PMT�. Protons, generated in the laser-target
interaction, arrive at the PS detector after passing a L
=1.65 m tube. The PS signal is amplified by the PMT and
displayed on an ocsilloscope as a TOF signal corresponding
to a flight-time distribution of protons. A typical TOF signal
is shown in the inset in Fig. 2�a�. The TOF signal V�t� �a
function of time t� is used to calculate the proton energy
spectrum F�E� via the relation V�t�dt=−C�E�F�E�dE, where
C�E� is the TOF detector efficiency depending on the proton
kinetic energy, E�mpvp

2 /2. Here mp and vp=L / t are the pro-

ton mass and velocity. The detection efficiency, C�E�, was
calibrated using proton beams from a conventional accelera-
tor �18�. In addition, the proton energy spectra are measured
by the Thomson parabola �TP� ion analyzer equiped with the
ion-track detector �CR-39� as a detection medium. The TP is
placed in a bisector between the directions of the two TOF
spectrometers �at the angle of 11.25°�, Fig. 1. The spacial
distribution of protons are also detected by another CR-39
plate covered with an aluminum filter mask.

III. RESULTS AND DISCUSSION

A. Effect of the ASE pedestal

Typical proton energy spectra are shown in Fig. 2�a� for
the target normal �TOF-1: solid line� and for the 22.5°
�TOF-2: dotted line� directions. As a reference, we show the
spectrum recorded by the TP analyzer in the 11.25° direction
�TP: circles�. These three spectra are obtained simulta-
neously in a single laser shot, where the ASE duration is
1 ns. Protons emitted at angles of 11.25° and 22.5° have
higher energy than those emitted in the target normal direc-
tion. We note that the energy resolution for 3 MeV protons is
0.2 MeV �18�. Figure 2�b� shows the spacial profile of the
protons having energies above 1 MeV observed by the
CR-39 detector covered with a 13-�m-thick aluminum filter.
We see that the protons with higher energy are emitted at
some angle between the target normal and the laser-
propagation direction, so the fast proton beam direction turns
out to be shifted from the target normal. In Ref. �7�, similar
shifts were considered as a result of a bending of the target
rear surface caused by an ASE-generated shock wave. In our
case, as shown below, the ASE causes a significant expan-
sion of the target at its rear side, forming a gently sloping
density profile, whose scale increases with the ASE duration
�ASE, while the proton energy remains about the same level
for 1 ns��ASE�3 ns.

The proton maximum energy Emax detected at the angles
of 0° and of 22.5° with respect to the target normal is shown
in Fig. 3�a� as a function of the ASE duration, �ASE. Two

FIG. 2. �Color online� �a� Pro-
ton energy spectra simultaneously
detected by TOF spectrometers,
placed at 0° �solid line� and at
22.5° �dashed line� with respect to
the target normal, and by the Th-
omson parabola �solid circles�.
The inset shows a typical TOF
signal. �b� The spacial distribution
of protons with energy above
1 MeV seen on the CR-39 film.
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curves are the analytical fits for Emax data points by third-
order polynominal functions. One can see again that the pro-
ton energy is detected higher at the angle of 22.5° than the
target normal �0°�. Examples of the TOF spectra obtained for
�ASE=0.7 and 2.7 are shown in frames 3�b� and 3�c�, respec-
tively. We note that �ASE=0.7 ns is the minimum achievable
ASE duration in this experiment. The proton highest energy
is 3.8 MeV, detected at the angle of 22.5°, Fig. 3�b�. For
protons with energy above 1 MeV, the laser-to-proton en-
ergy conversion efficiency is feff�0.3%.

The thickness of the plasma formed at the target rear side
due to ASE can be estimated as follows. The ablation pres-
sure pa �expressed in TPa units� induced by a laser with an
intensity of IASE �in terms of 1014 W /cm2� and a wavelength
of � �measured in �m� is approximately equal to pa
�0.86�IASE /��2/3 �21�, independently of the target materials.
In our case, the ASE pedestal with intensity IASE�6
�1013 W /cm2 produces an ablation pressure of pa
�0.7 Tpa, for which recent Hugoniot data �22� give estima-
tions of a shock-wave velocity vs�22 �m /ns and a particle
velocity vp�17 �m /ns, respectively. The shock wave
reaches the rear surface of the 7.5-�m-thick polyimide target
in 7.5 /vs�0.3 ns, and the rear surface begins to move into
vacuum with a velocity 2vp�34 �m /ns. Thus, during the
time period of �ASE before the arrival of the main pulse, the
rear surface is expanded to the distance lex=2vp��ASE

−7.5 /vs�. This estimation is shown in Fig. 3�a� by the dashed
line. A significant breakout of the rear surface occurs even
for the shortest ASE duration in this measurement, �ASE

=0.7 ns. We emphasize that the proton energy above
2.5 MeV is detected even for a relatively large ASE duraion,
3 ns, in which case the ASE-irradiated region of the target is
completely converted into a nearly underdense plasma. In
Fig. 3�a�, Emax in the 22.5° direction increases when �ASE
decreases toward 0.7 ns. Then, one may expect that even
shorter durations would lead to higher energies. However, we
should notice that the proton highest energy is obtained at an
angle of 22.5°. If the ASE duration is decreased further, be-
yond the minimum achievable 0.7 ns, the proton energy in
the 22.5° direction will turn to decrease at some ASE dura-
tion. This is because a proton beam is directed along the
target normal in the case of a solid-density target, which has
been investigated in several experiments �1�. Hence, in the
present work, prepulse control is to keep the ASE duration at
an appropriate value, not to reduce it ultimately.

We performed 2D HD simulations of the evolution of our
polyimide target irradiated by the ASE pedestal with the help
of the PINOCO code �23�. The result is shown in Fig. 4�a� for
the ASE pedestal duration �ASE=1.5 ns. The ASE is incident
on the target at right angles; it has a Gaussian distribution in
the transverse direction with the full width at half maximum
�FWHM� waist of 10 �m. As seen from the electron density
profiles along the target normal, the rear surface loses its
steep gradient before the main laser pulse arrives. The elec-
tron density maximum is reduced to 1022 cm−3, which is
somewhat 2 times higher than the critical density
ncr=�� /re�

2�4.9�1021 cm−3, where �= �1+a0
2�1/2�2.82

is the relativistic factor, a0 is the dimensionless amplitude
of the main laser pulse, a0=0.85�� /1 �m�
��I / �1018 W cm−2��1/2, re=e2 /mec

2 is the classical electron
radius, and �=0.8 �m is the laser wavelength. The interfer-
ometry measurement is shown in Fig. 4�b�. Although the
second-harmonic radiation converted from the main laser
pulse partially saturates the plasma image, we notice slight
shifts of the fringes on the rear surface around the saturated
region, which indicate the plasma density from
1018 to 1019 cm−3, in agreement with the tails of the density
profiles seen in the 2D HD simulation. This allows us to
conclude that the detected proton acceleration occurred in a
near-critical plasma cloud. Recalling Ref. �10�, where

FIG. 3. �Color online� �a� The maximum proton energy Emax vs
the ASE duration �ASE, as detected by TOF spectrometers at 0°
�triangles� and at 22.5° �circles�. Two curves are the analytical fits
for Emax data points observed at 0° �dash-dotted line� and 22.5°
�solid line� directions, respectively. The dashed line is for the thick-
ness of plasma corona at the target rear side �see the text�. The solid
triangles and circles are for the TOF spectra detected with the ASE
durations of �ASE=0.7 ns �b� and �ASE=2.7 ns �c�.

FIG. 4. �Color online� �a� The electron density profiles at initial
time �rectangular profile� and after 1.5 ns on exposure to the ASE:
at the ASE axis �solid line� and at a distance of 5 �m from that axis
�dashed line�, obtained in the 2D HD simulation. �b� The plasma
image taken by the interferometer with the 400-nm probe 50 ps
before the main pulse.
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4 MeV proton acceleration from ultrathin ��100 nm� alumi-
num targets irradiated by a clean �ASE contrast �1010� 0.3-J,
33-fs, 1019-W /cm2 laser pulse with laser-to-proton energy
conversion efficiency of about 1% was reported, we suppose
that an optimal electron areal density �15� was achieved in
both cases.

B. Acceleration mechanism

In order to reveal the mechanism of the proton accelera-
tion in a near-critical plasma cloud, we performed 2D PIC
simulations using the REMP code �24�. A p-polarized laser
pulse with duration of 45 fs and intensity of 1.5
�1019 W /cm2 is focused at the 45° incidence angle onto a
hydrogen plasma. Initially, the plasma cloud has a smooth
distribution of the electron density �the target is assumed to
be exploded by the ASE pedestal�, ranging from 0.5ncr to
2ncr with a thickness of 24 �m in the direction of the x axis,
which is normal to the initial target surface, Fig. 5. The
�main� laser pulse goes into the near-critical density plasma,
forming a long-living channel seen in the ion density distri-
bution at the time of 300 laser periods after the laser pulse
entrance, Fig. 5�a�. Inside the channel, the ion density fila-
ment is formed �14�. The electrons accelerated along the la-
ser pulse propagation direction, together with the return cur-
rent of bulk electrons, form a long-living quasistatic
magnetic field B, seen in Fig. 5�b�. The electron vortices,
associated with this magnetic field, move across the plasma
density gradient, leave the channel, and spread over the tar-

get rear interface. At the rear side, the magnetic pressure
induces and sustains a charge separation electrostatic field E,
whose Ex component is shown in Fig. 5�c�. This field accel-
erates ions �11,14�. The most important feature of the present
mechanism is that the laser pulse is almost completely ab-
sorbed in the plasma slab. In Figs. 5�a� and 5�b�, one can see
that the laser pulse is depleted inside the target. The laser
energy is efficiently converted into electron energy, resulting
in the formation of the long-living magnetic field. Of course,
the magnetic field can be induced also in the cases of low-
density and solid-density targets. However, the near-critical
plasma target provides better conditions for the laser pulse
energy transformation into the fast electrons �a number of
fast electrons is higher� and them into the magnetic field.

It should be emphasized that the quasistatic magnetic field
is generated on the rear surface asymmetrically with respect
to the target normal, as is seen in Fig. 5�b�. Here, the mag-
netic field is induced more strongly in the region of �A� than
�B�. As a result, the electric field itself �Fig. 5�d�� is induced
asymmetrically with respect to the target normal due to the
magnetic field on the rear surface. This asymmetric accelera-
tion field generates the proton beam shifted from the target
normal direction. The ion phase plane �px , py� in Fig. 5�d�,
where px and py are the x and y components of the ion
momentum, shows that the accelerated ions form five beam-
lets, whose directions are marked by arrows; the same direc-
tions are shown in the frame �a�. The beamlets �1� and �2�
correspond to ions accelerated in the forward direction,
�4�—in the backward direction; beamlets �3� and �5� consist

FIG. 5. �Color online� The 2D PIC simulation results. �a� The ion density after 300 laser periods from the laser pulse entrance. �b� The
magnetic field Bz component and �c� the electric field Ex component, both normalized to 2�mec

2 /e�, after 85 laser periods from the laser
pulse entrance. �b� The ion phase-space projection onto the plane �px , py� after 300 laser periods from the laser pulse entrance. �e� The proton
energy spectrum.
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of protons in the expanding channel walls. The highest-
energy proton beamlet �1� is emitted at some angle between
the target normal and the laser-propagation direction, in
qualitative agreement with the experimental results. The pro-
ton energy spectrum in Fig. 5�e� exhibits a cutoff at an en-
ergy of 3.6 MeV, in agreement with the maximum energy
observed in the experiment. The simulation shows that at the
specified parameters the optimal conditions of the ion accel-
eration are met: a high absorption of the laser pulse, genera-
tion of a strong magnetic field, and formation of the ion
density filament in the laser pulse channel.

The experimental and simulated results presented here in-
dicate that the effect of the magnetic field should be taken
into account in the acceleration mechanism. In the TNSA
model �4�, the electrostatic acceleration potential 	 is pro-
portional to the electron component pressure Pe via the rela-
tion e	
 Pe /ne, where ne is the electron density. The mag-
netic field B will change this relationship into e	
 �Pe
+B2 /8�� /ne, where the acceleration potential is improved by
the magnetic field.

IV. CONCLUSION

In conclusion, we have demonstrated the laser-driven pro-
ton acceleration from a near-critical plasma cloud, which is

modified by a duration-controlled ASE. The proton beam is
directed at some angle away from the target normal. This is
due to generation of the quasistatic magnetic field on the
target rear side with the magnetic pressure inducing and sus-
taining a charge separation electrostatic field asymmetrically
with the target normal. This fact implies that the effect of
magnetic pressure should be introduced into the acceleration
mechanism based on the hydrodynamical plasma expansion
to vacuum. The acceleration mechanism discussed in this
paper will be suitable in the future use of controllable target
with optimal density �15�. Our results will pave a way for
use of a new target which secures more controlled and stron-
ger coupling with the laser pulse.
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